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by Harold H. Coe, Orlando A. Gutierrez, and David B. Fenn 
Lewis Research Center 

SUMMARY 

As part of an overall research program of Rankine space power systems, a test fa- 
cility using water as the working fluid was constructed. One of the purposes of this facil- 
ity was to obtain experimental data on a convectively cooled, shell-and-tube condenser 
and to compare the resulting values with predicted values. Measured values of the over- 
all heat-transfer coefficient, the condensing length, and the overall pressure drop were 
determined over a range of condenser inlet pressures of 8 to 30 pounds per square inch 
absolute and vapor qualities of 40 to 100 percent with tube inlet vapor Reynolds numbers 
of 13 000 to 44 000. The experimental condensing data were taken with a constant coolant 
flow rate in the shell and with two set values of coolant inlet temperature. 

The predicted overall coefficients and condensing lengths were calculated by using 
conventional correlations and equations. The predicted overall pressure drops included 
a calculation for the two-phase friction pressure drop that utilized an approximating equa- 
tion (derived in this report) based on the correlation of Lockhart and Martinelli. 

Comparisons between the calculated and measured results were presented over a 
range of overall coefficients from 450 to 650 Btu per hour per square foot per °F, con- 
densing lengths from 10 to 110 inches, and overall pressure drops from 0. 2 to 9 pounds 
per square inch. The predicted values of the overall coefficient and condensing length 
were within ±20 percent of the measured values. The predicted pressure drops were 
within 50 to -20 percent of the measured data, with the largest deviations at the smaller 
pressure drops. 


INTRODUCTION 


Considerable interest has been shown in the Rankine cycle turbogenerator system as 
a source of electrical power in space (ref. 1). In this system, a heat source, such as a 
nuclear reactor, is used to boil a working fluid. The vapor thus produced drives a tur- 
bine, and the turbine drives the generator which produces the electric power. The tur- 
bine exhaust vapor is then condensed and the working fluid returned to the boiler to com- 
plete the cycle. 

To develop such a system, it became evident that more information was needed on the 
performance of a complete power system and on the behavior of the individual components. 
Likewise, it was important to determine how well the performance of these components 
could be predicted with existing correlations and theories. 

As part of the research program at the NASA Lewis Research Center of Rankine space 
power systems, a test facility using water as the working fluid was constructed (ref. 2) 
as a model of a similar alkali metal facility. The purpose of this water facility was to 
investigate the steady-state performance of a convectively cooled condenser system and 
to obtain a comparison of experimental data with predicted performance of the condenser. 
Results describing the operating characteristics of the complete system are presented 
in reference 2, and the results of an analysis of the condenser data are contained here- 
in. 

The condenser was a shell-and-tube heat exchanger with the water vapor condensing 
inside the tubes. It was fabricated with small diameter tubes and was installed in a hori- 
zontal plane in order to minimize effects of gravity on its performance. 

Data are presented to show the comparisons of experimentally determined values of 
the overall heat- transfer coefficients, the condensing lengths, and the overall pressure 
drops with the corresponding predicted condenser characteristics. A discussion of the 
methods used to predict these values is also presented. 

The experimental data were taken during the system performance tests described in 
reference 2, with a constant coolant flow rate in the shell, and two set values of coolant 
inlet temperature. The comparisons are presented over a range of pressure drops from 
0. 2 to 9. 0 pounds per square inch differential, condensing lengths from 10 to 110 inches, 
and overall heat-transfer coefficients from 450 to 650 Btu per hour per square foot per 


APPARATUS 

Facility 

The water system (described in detail in ref. 2) was composed of three complete 
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Figure 2. - Test facility. 
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fluid circuits: a heating loop, a cooling loop, and a vapor loop. The heating loop supplied 
heat to boil the water in the vapor loop, and the cooling loop removed the heat of conden- 
sation and the necessary condensate subcooling from the vapor loop. A schematic flow 
diagram of the three loops is presented in figure 1. The symbols used are defined in 
appendix A. Also included in figure 1 are the control and instrumentation locations. A 
photograph of the installation is shown in figure 2. 


Condenser 

The condenser consisted of 19 stainless -steel tubes, each approximately 10 feet 
long, with an outside diameter of 5/16 inch and a wall thickness of 0. 035 inch. A sketch 
of the condenser is shown in figure 3, and a discussion of the design procedure used for 
this condenser is presented in appendix B. Vapor was distributed to the tubes from the 
inlet plenum, and the condensate was collected in the outlet plenum. The coolant in the 
shell was in counterflow to the vapor in the tubes, and no baffles were used to introduce 
cross flow. The shell was constructed with a concentric arrangement at the coolant out- 
let to provide uniform coolant flow as close to the vapor inlet as possible. The instrumen- 
tation channels noted in figure 3 were completely filled with thermocouples and/or wire 
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Section A-A 

Figure 3. - Schematic diagram of 19-tube condenser. 



rods and soft solder to form a smooth inside diameter for the inner condenser shell. 


Instrumentation 

The flow rate in each loop was measured with a turbine flowmeter placed near the 
pump outlet (fig. 1). Temperatures at the inlet and outlet of the boiler in the heating and 
vapor loops and at the inlet and outlet of the condenser in the vapor and cooling loops were 
measured with Chromel-Alumel thermocouples. These temperatures were read on a self- 
balancing potentiometer. The estimated accuracy of the reading was ±2° F. The tem- 
perature changes of the heating fluid from the inlet to the outlet of the boiler and of the 
coolant from the inlet to the outlet of the condenser were also measured directly with dif- 
ferential Chromel-Alumel thermocouples and a precision potentiometer. The estimated 
accuracy of the reading was ±2° F. 

Axial temperatures of the condenser were also measured. Two of the condenser 
tubes, designated tube A at the top and tube B at the bottom (fig. 3), were instrumented 
with thermocouples every 8 inches over the length of the condenser, to measure the axial 
variation in vapor and tube wall temperature, and every 12 inches, to measure the tem- 
perature in the coolant stream. A drawing showing the method of installation is shown in 
figure 4, and a photograph of a typical set of these thermocouples is shown in figure 5. 
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Figure 4. - Schematic diagram of condenser axial thermocouple installation. 
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Condenser tube 



C-60462 


Figure 5. - Axial thermxouple installation on condenser tubes. 


These thermocouples were constructed using Chromel and Alumel wires swaged with 
magnesium oxide insulation inside a 0. 040-inch-diameter stainless-steel sheath. The 
temperatures were recorded on a self-balancing potentiometer. The estimated accuracy 
of the readings was ±2° F. 

The total absolute pressure for the vapor loop condenser inlet was measured in the 
1-^ -inch pipe at the inlet plenum using a strain gage transducer rated at 15 pounds per 
square inch gage. Atmospheric pressure was measured with a mercury barometer. The 
overall vapor loop condenser pressure drop was measured directly with a differential 
strain gage transducer (±15 psi) connected to the inlet total pressure tap and the conden- 
sate outlet pipe. The vapor loop boiler inlet pressure was measured with a strain gage 
transducer rated at 0 to 25 pounds per square inch absolute. The three transducers were 
connected to a recording oscillograph. The estimated accuracy of the readings was 
±0. 35 pounds per square inch absolute for the inlet pressures and ±0. 25 pound per square 
inch differential for the pressure drop. The pressure measuring system was calibrated 
at regular intervals with a mercury manometer. 


EXPERIMENTAL PROCEDURE AND DATA ACQUISITION 

The data in this report were obtained during the system performance tests reported 
in reference 2, where detailed operational procedures are also reported. As noted in 
reference 2, the system characteristics were such that a change in the vapor loop total 
inventory (i. e. , total weight of fluid in the vapor loop) caused a change in the condenser 
inlet conditions. Therefore, some of the data were taken at constant (fixed) vapor loop 
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TABLE I. - RANGE OF TEST CONDITIONS 


Run 



Vapor loop 


Cooling loop 


Average 

Condenser 

Condenser 

Condenser 

Inventory 3- 

Average 

Condenser 


flow rate, 

inlet 

inlet 

inlet vapor 

(total vapor 

flow rate, 

inlet 


W v> 

quality, 

pressure. 

Reynolds 

loop volume, 

W c> 

temperature, 


lb/hr 

x o 

P V1C> 

number, 

/xr \ 

5. 62 gal) 

lb/hr 

T C1C’ 




psia 

N,o 



O 

F 

266 to 283 

130 to 660 

78 to 100 

18. 8 to 22. 4 

13 300 to 

Fixed- number 1 

6090 

92 





43 700 

(1. 55 gal) 




285 to 298 

130 to 650 

67 to 100 

7. 8 to 18. 3 

13 400 to 

Fixed- number 2 

6040 

92 





46 200 

(1. 40 gal) 




243 to 247 

200 

87 to 100 

10. 9 to 30. 6 

17 300 to 

Variable (1. 23 to 

6130 

120 





20 900 

1. 61 gal) 




207 to 212 

235 

86 to 100 

12. 2 to 29. 4 

20 300 to 

Variable (1. 19 to 

6120 







25 200 

1. 62 gal) 




238 to 242 

280 

72 to 100 

15. 2 to 29. 9 

20 300 to 

Variable (1. 31 to 

6070 







30 100 

1. 67 gal) 




201 to 204, 

315 

79 to 100 

15. 7 to 28.4 

24 500 to 

Variable (1. 21 to 

6170 



214 




33 100 

1. 62 gal) 




192 to 196, 

385 

54 to 100 

18. 4 to 30. 1 

21 500 to 

Variable (1. 21 to 

6090 



213 




40 300 

1. 73 gal) 




233 to 237 

470 

69 to 88 

19. 8 to 23. 8 

33 400 to 

Variable (1. 27 to 

6080 







42 200 

1. 64 gal) 




197 to 200 

650 

40 to 61 

22. 9 to 27. 3 

26 800 to 

Variable (1. 44 to 

5990 







40 900 

1. 80 gal) 


1 

f 


3 , 

At room temperature. 


inventory with constant coolant inlet temperature and coolant flow while the vapor loop 
flow was varied. The rest of the data were taken with constant vapor loop flow, coolant 
inlet temperature, and coolant flow, while the vapor loop inventory was varied. All data 
were taken after the facility had reached a steady-state condition, where the temperatures 
had not changed for a period of at least 15 minutes. The range of conditions covered for 
the experimental data is shown in table I. 


DATA REDUCTION 

The vapor, wall, and coolant axial temperature profiles in each of the two instru- 
mented tubes are shown in figure 6 for a typical run. The condensing length for each 
tube was taken as the point at which the vapor temperature dropped abruptly (indicated by 
the dashed line on the figure). The measured value of condensing length L c meas f° r 
the heat exchanger was considered to be the average of the two instrumented tubes A 
and B. 
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Temperature, 



(b) Tube B. 

Figure 6. - Axial temperature variation in test condenser. Run 240. 


The pressures and pressure drops 
were determined from a mean line 
drawn through the trace on the oscillo- 
graph record of the output of the pres- 
sure transducers. A sample oscillo- 
graph record of a typical run is shown 
in figure 7. 

The total heat load Q mQ „ c , which 
is the total amount of heat transferred 
from the heating loop to the vapor loop, 
or from the vapor loop to the cooling 
loop, was determined from the flow 
rate and the temperature change of the 
heating fluid from the inlet to the outlet 
of the boiler and from the flow rate and 
temperature change of the coolant from 
the inlet to the outlet of the condenser. 
Since these temperature changes were 
determined from both the direct AT 
measurement and the individually meas- 
ured inlet and outlet values, four values 


Vapor loop flow rate 


Vapor loop condenser inlet pressure 


r 383 Ib/hr 


20 Ib/hr 
_L 
T 



Reference trace 



sec 


Figure 7. - Sample oscillograph record of typical steady-state operation. Run 196. 
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of total heat load were computed. Less than 10 percent difference existed among these 
values, however, and the measured value of the total heat load was taken as the average 
of the four calculations. The heat losses from the facility were negligible. 

The vapor quality at the boiler outlet and at the condenser inlet were computed from 
heat balances in the boiler and condenser, respectively, using the four values of total heat 
load. For example, for the condenser, one value of the quality would be 

. _ W c C p.t AT cc ~ W vS.*( T SAT. 1 - T V 2 c) (1) 

W v<V 

Again, the difference among the values was small (< 10 percent), and the average of the 
four calculations was taken as the experimental value for the vapor quality at the con- 
denser inlet x Q . 

The condensing heat load then was 

= wv (2) 

and the subcooling heat load was 

Qsc = ^meas " ^c ^ 

The experimental value of the overall heat-transfer coefficient c meas (over the 
condensing portion of the heat exchanger) was computed from the following equation: 


U 


i, c, meas 


Q 

2c 

A hi, c AT LM, c 


(4) 


where 


A hi, c = NffD i L c, meas 


and 


AT 


LM, 



(5) 


( 6 ) 
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Vapor 



The temperature of the coolant at the end of the condensing portion of the tube 
calculated from a heat balance in the subcooling section of the heat exchanger. 


tv A ___ * and 
SAT, 1 


TgAT 2 were from the vapor temperature profiles, while 


measured directly. A drawing showing the location of these temperatures and 
the pressure drops and condenser lengths is presented in figure 8. 


Tqj was 
Values of 

T C2C was 
identifying 


ANALYTICAL METHODS 


In order to evaluate the design and performance of the condenser, predicted values of 
overall heat-transfer coefficient LL c ca j c , condensing length L c ca j c > and overall pres- 
sure drop AP C ca j c were computed for each data run. Actual measured condenser inlet 
conditions were used in the calculations. The correlations used to calculate these pre- 
dicted values and the assumptions made in order to perform the computation are presented 
in the following paragraphs. 


Overall Heat-Transfer Coefficient 

The predicted value of the overall heat-transfer coefficient (over the condensing 
portion of the heat exchanger) U i c calc based on the tube inside area was calculated as 
the reciprocal of the sum of the resistances to heat flow: 


10 


u 


i, c,caic 



(7) 


It should be noted that no fouling factor was used in the calculation of c ca j c - 

The condensing coefficient h^ c ca j c was obtained from the Carpenter and Colburn 
relation for condensation of high-velocity vapors in vertical tubes (ref. 3): 


*i, c, calc 


0. 065 


/W’ 

\ 2 h » g . 



( 8 ) 


where 


m 




For complete condensation, Gj becomes zero, and 

0. 58 x W 


G = 0. 58 G = . 
m o 


o v 


A i 


(9) 


( 10 ) 


The friction factor f was calculated for the vapor in turbulent flow, neglecting the pres- 
ence of any liquid in the tube, as recommended in reference 3: 


f = 


0.046 


N' 


0.2 

Re, g, t 


where 


N Re, g, t 


D.G 
l m 


g 


( 11 ) 


( 12 ) 


All fluid physical properties were evaluated at the inlet saturation temperature of the 
vapor, T sat _ v 
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The Carpenter and Colburn relation was used for the condensing coefficient in prefer- 
ence to other equations because it takes into consideration the effect of vapor velocity. 
This correlation was derived for steam and several hydrocarbons condensing vertically 
downward, over a range of values for the stress at the tube wall due to vapor friction 
from 3. 6x10® to 300x10® (lb mass/sq ft) (ft/hr ^). The range of this value in the condenser 
tubes was about 20x10® to 150x10® (lb mass/sq ft)(ft/hr^). 

The film coefficient h Q calc on the outside of the tubes (shell side) was calculated 
from the Dittus-Boelter correlation, as taken from reference 4: 


<3, calc 



where 



(13) 


(14) 


and 




D^-ND^ 
s o 

D +NIL 
s o 


(15) 


The Dittus-Boelter correlation was derived from data with a range of Prandtl numbers 
from 0. 7 to 120, Reynolds numbers from 10 000 to 120 000 and a length-to-diameter ratio 
greater than 60. The experimental data were taken over approximate ranges of Prandtl 
numbers from 1 to 8, Reynolds numbers from 7 000 to 17 000, and a length-to-diameter 
ratio of 350. Although this relation was derived for flow inside tubes, it was considered 
applicable herein since the coolant flow was parallel to the tubes and only required the 
substitution of the equivalent diameter D £ for the inside diameter. Equation (15) was 
taken from reference 4 where it was used to calculate the equivalent diameter for use with 
flow in concentric spaces. The fluid properties for equation (13) were evaluated at an ap- 
proximated average temperature of the coolant. 


Condensing Length 

The calculated length of the condensing portion of the counterflow heat exchanger is 


12 


Temperature 


defined by 


J c, calc 


Q 


N’'D 1 (u 1 )at lm 


(16) 


-*c, calc 


The calculated length of the subcooling portion of the heat exchanger is defined by 


J sc, calc 


Q 




(17) 


sc, calc 


The overall heat-transfer coefficient for the subcooler gc ca j c was calculated in the 

same manner as for the condenser (eq. 7), except that the condensing coefficient 

h. , was replaced with a subcooler tube side coefficient h. , calculated 

a, 1 , sc, caic 

using the Eubank and Proctor relation recommended in reference 4 for streamline flow in 
horizontal tubes: 


h i,sc,calc = 1 - 75 


k, W C . / D. 

v P’ b -+0.04f 1 


\ 0 . 75 


®i ^b^sc, calc 


J sc, calc 


N Gr N Pr 



(18) 


w c * 



Figure 9. - Counterflow temperature profile and definition of symbols. 
Values marked with an asterisk were assumed known for perform- 
ance predictions. 


Equations (16) and (17) are related 
by the dimensional equation 

( L c + L sc)calc = »• 25 “ <W) 

which gives the total length of tubes. 

In order to obtain the value of 
the condensing length L c calc from 
the dimensions of the test unit with 
the assumption that only the inlet 
flow rate and temperature conditions 
are known, the performance of both 
the condensing and subcooling por- 
tions must be evaluated. This neces- 
sity is illustrated in figure 9 for a 
counterflow unit. The known con- 
ditions are indicated by an asterisk. 
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As an approximation, Tg^ T g was assumed equal to Tg^ T p which assumed a negligi- 
ble pressure drop. The temperature of the coolant T CI at the interface location (or 
point in the exchanger where condensation ends and subcooling begins) is unknown. By its 
influence on the AT LM of the condensing section (eqs. (6) and (16)), T CI affects the length 
required to condense the vapor L c ca i c ’> however, the value of T^j depends upon the 
amount of subcooling possible (Q„„ in eq. (17)) and the value of the length available after 
condensation L gc calc - Therefore, the value of T^j must be obtained by simultaneously 
satisfying the thermal performances of both the condensing and subcooling sections of the 
test unit. 

By writing heat balances around the condensing and subcooling sections and by prop- 
erly substituting these values into the foregoing equations ((7) to (19)), a system of two 
equations with two unknowns (L c and T^ c) ca lc was ^ en derived. The equations were 
solved by trial and error using a digital computer. 


Overall Pressure Drop 

The overall condenser pressure drop AP c ca j c was calculated as the sum of the 
several pressure changes from the inlet total pressure measuring station to the outlet 
measuring station of the heat exchanger (figs. 3 and 8). For the condenser configuration 
of figure 8, it can be seen that the overall pressure change is composed of (1) the pres- 
sure loss from the inlet piping to the inlet (vapor) plenum APg, (2) the pressure change 
at the tube inlet AP E , (3) the two-phase friction pressure loss APrppp over the condens- 
ing length of the tube, and (4) the momentum pressure recovery AP M in the tube. The 
pressure drop of the liquid in the subcooling portion of the tubes, the outlet plenum, and 
the outlet pipe was considered negligible because of the low velocity (< 1 ft/sec). Since 
the heat exchanger was horizontal, there was no pressure change due to a difference in 
elevation from inlet to outlet. The flow area of the vapor plenum was considered large 
enough (20 times the total tube flow area) for the vapor velocity to be very low and the 
plenum to be treated as a reservoir. Therefore, 

AP c, calc = AP H + AP E + AP TPF “ AP M 

The pressure loss from the inlet piping to the inlet (vapor) plenum was assumed equal 
to 100 percent of the velocity head in the piping. Thus, 

V 2 

AP„=li_ii£ (21) 

“ 2 e c 
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The vapor density was based on the measured total pressure in the pipe. Since the veloc- 
ity head in the piping was very small, the static pressure was very nearly equal to the 
total pressure in the pipe, and the error in vapor density was considered negligible. 

The pressure change at the tube inlet was taken as one velocity head plus an assumed 
loss of 10 percent of the velocity head in the tube at the inlet due to the entrance configura- 
tion. Selection of the nominal loss of 10 percent was based on the single-phase pressure 
loss values of reference 5. The flow was considered virtually incompressible since the 
velocity head was normally less than 5 percent (6. 7 percent maximum) of the static pres- 
sure at the tube inlet. Thus, 


ap (* 

E 2 *c 

The vapor density was based on the calculated static pressure in the inlet plenum. (Since 
the velocity of the vapor in the plenum was negligible, the static pressure was considered 
equal to the total pressure. ) 

Several methods have been proposed for the calculation of the friction pressure drop 
with two-phase flow inside horizontal tubes. The most widely used of these methods are 
based on the Lockhart- Martinelli correlation for isothermal two-phase, two-component 
flow (ref. 6). Use of this correlation to calculate the friction pressure drop during con- 
densing requires a time-consuming, step-by-step solution. An approximating equation 
based on reference 6 was presented by Coombs, Stone, and Kapus (ref. 7) for the viscous 
liquid- turbulent gas flow regime. Their equation assumed a vapor quality of 100 percent 
at the condenser tube inlet. In appendix C of the present report, approximating equations 
for both the viscous -liquid - turbulent-gas and the turbulent-liquid - turbulent- gas re- 
gimes, which include the inlet quality as a variable, are derived for the friction pressure 
drop of two-phase condensing flow in a manner similar to that of reference 7. 

The two-phase friction pressure loss over the condensing length of the tube was cal- 
culated by using the derived approximating equations as follows: For the viscous-liquid - 
turbulent-gas regime, 



Vv W v ' 7 


N>- 7 Df' 7 


which for the condenser used in this report is evaluated as 


(23) 
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( 24 ) 


( iP TPF) yT * 6 ' 14X1 ° 5 Vv W v 7 L c 
For the turbulent-liquid - turbulent-gas regime, 


\ _ Vt w v 8 , 

' TT n 1 , 8 D 4,8 C 
i 

which for the condenser used in this report is evaluated as 



(25) 


( AP TPf) tt = 6 - 78X1 ° 5 a T^T W v 8 L c ( 26 ) 

The fluid properties were based on the calculated tube inlet static pressure. It should be 
noted that both the measured and calculated values of condensing length L and 

C y IjlI&cLS 

L c ca j c were used for the calculation of AP T p F - This yielded two values for AP-ppp 
and two values for the calculated overall pressure drop AP c ca ^ c - 

The momentum pressure recovery was calculated from the standard relation 


AP 


M " 


p V“ n 
g g>» 

Sc 


(27) 


The vapor density was based on the calculated tube inlet static pressure. 


RESULTS AND DISCUSSION 


The experimental data consisting of the flow rates, the inlet and outlet temperatures 

and pressures in the heating, vapor, and coolant loops measured at the locations shown 

in figure 1 (p. 3) are tabulated in table n. Also shown in table II are the experimental 

values determined for the condensing length L , the heat load Q , the vapor 

quality x , and the overall heat-transfer coefficient U. , as well as the predicted 

^ •'o’ i,c,meas’ c 

values* U 1>c calc> L c calc , and AP c caIc . 

The experimental data from the axial temperature profile thermocouples on the two 
instrumented tubes (tubes A and B) are tabulated in table HI for the vapor temperatures 
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Overall condenser heat -transfer coefficient, U: c , Btu/(hr)(sq ft)(°F) 




(b) Inventory 2 (1.40 gal). Runs 285 to 298. 


Figure 10. - Comparison of measured and 
calculated overall heat-transfer coefficients 
for fixed inventory experiments. 


for all runs, and in tables IV and V for the wall and 
coolant temperatures for several typical runs. The 
axial locations of these thermocouples are also noted 
in the tables. 

The comparisons of the measured and calculated 
values of overall heat-transfer coefficient Uj c meas 
^ U i,c,calc*’ condensing length ^ c meas and 
L c, calc’ and overall pressure drop AP C meag and 
AP C calc are presented in the following paragraphs. 
The comparisons were made graphically with the 
measured data plotted against the respective pre- 
dicted values. In addition, with the data from the 
two fixed inventory experiments (designated inven- 
tories 1 and 2 in table I), both the measured and 
calculated values were plotted against the vapor loop 
vapor flow rate. It should be noted that the vapor 
loop condenser inlet conditions were not constant 
with a fixed inventory. Changes in the inlet vapor 
pressure, temperature, and quality occurred with 
.changes in the vapor loop flow rate (ref. 2). 


Overall Heat-Transfer Coefficient 


The predicted values of the overall heat-transfer 

coefficient for the condenser U. „ „ were calcu- 

1 , c, calc 

lated from equation (7), and the measured values 
XL were determined by using equation (4). 

The calculations showed that the shell- side film coef- 
ficient h o ca j c was the controlling factor in the 
transfer of heat. This can also be seen from the ex- 
perimental data of figure 6 (p. 8), where the temper- 
ature difference between the wall and the coolant is 
larger than that between the vapor and the wall in the 
condensing portion of the tube. 

The comparison of U i c>calc with U 1>c>meas 
for the two fixed inventories (inventories 1 and 2) is 
shown in figures 10(a) and (b). The figure shows that 
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AND CALCULATED DATA 


loop 

Heat load, 

^meas' 

Btu/hr 

Vapor 

quality, 

x o 

Differential 

condenser 

pressure 

drop, 

Ap c,calc> 

psi 

Overall heat- 
transfer 
coefficient, 

^i,c, meas’ 
Btu/(hr)(sq £t)(°F) 

Overall heat- 
transfer 
coefficient, 

U i, c, calc* 
Btu/(hr)(sq ft)(°F) 

Condensing 

length, 

L c,calc’ 

in. 

Condenser 

inlet 

pressure, 

P V1C’ 

psia 

Condenser 

pressure 

loss, 

AP c, meas’ 
psia 

Inventory , a 
gal 
(total 

vapor loop 
volume, 

5. 62 gal) 

Condensing 

length, 

L c, meas ’ 
in. 

20. 1 

3.49 

1. 35 

104.0 

38. 46X10 4 

0. 985 

3.73 

551 

673 

78.5 

25. 1 

.93 

mwtm. 

52. 5 

32. 30 

.771 

1. 08 

626 

632 

51.5 

30. 1 

.21 

■Eft 

25.0 

24. 85 

.544 

.25 

772 

563 

34.3 

22. 1 

1.77 

mm 

67.5 

35.75 

.875 

1. 87 

643 

651 

64.3 

18.4 

4.40 

us 

110.0 

38. 49 

1 

4.42 

582 

682 

82.7 

24.0 

3.00 

mm 

64. 5 

37. 47 

.498 

2. 97 

664 

647 

62.7 

27. 3 

1.00 

mm 

40.0 

31. 78 

.400 

1. 20 

709 

604 

45.8 

22.9 

5. 48 

mm 

91. 5 

40. 30 

.600 

5. 11 

598 

667 

74. 1 

22.9 

6. 27 

mm 

93. 5 

40. 56 

. 606 

5. 59 

604 

671 

78.0 

15.7 

2.64 

mm 

96.0 

32. 63 

1 

3.03 

528 

654 

73. 5 

19.0 

1.65 

mm 

79.0 

32. 87 

.999 

2. 12 

551 

637 

65.4 

23. 2 

.93 

HB 

62.5 

31. 49 

.922 

1. 29 

544 

638 

53.3 

28.4 

.29 

mm 

39. 2 

26. 59 

.786 

.49 

588 

594 

39.0 

21. 1 

— 

1. 51 

44. 2 

23.92 

.976 

. 57 

552 

597 

41. 1 

14.8 

— 

1.34 

64.0 

25.02 

1 

1. 22 

540 

615 

53.7 

12. 2 

— 

1. 19 

85. 5 

25. 64 

.953 

2. 09 

528 

623 

64.3 

23. 6 

— 

1. 53 

38. 5 

23. 49 

.906 

.44 

571 

575 

38. 7 

26. 3 

— 

1. 59 

30.5 

23.76 

.943 

.30 

670 

575 

36.0 

29. 4 

— 

1. 62 

26. 2 

21. 89 

. 859 

.21 

699 

556 

33.0 

— 

— 

1.63 

48. 5 

32.71 

. 769 

— 

! 

--- 

— 

17. 3 

, 

1.33 

81. 5 

32. 75 

.994 

2. 37 

603 

651 

70.6 

23.8 

1.70 

1. 64 

57.7 

35. 77 

.686 

2. 06 

683 

648 

58.0 

22.0 

3.03 

1.53 

77. 5 

37. 58 

.750 

3. 23 

617 

660 

68.4 

20. 6 

4.36 

1.41 

99.0 

39.88 

.811 

4. 87 

629 

683 

79. 5 

19.8 

5. 21 

1.32 

110.0 

39. 78 

.878 

5. 47 

605 

681 

83.7 

20. 3 

5.64 

1. 27 

105.0 

40.40 

.847 

5. 53 

640 

683 

86. 2 

15.5 

1. 60 

1. 31 

77.0 

29. 57 

.986 

2. 06 

592 

639 

66. 2 

18. 8 

.80 

1.41 

57. 2 

29. 17 

1 

1. 19 

641 

629 

57.0 

22.7 

.48 

1. 51 

46.0 

27. 69 

.925 

.74 

626 

608 

46. 6 

26. 7 

. 32 

1. 61 

34. 2 

26. 07 

. 835 

.42 

686 

587 

39.6 

29. 9 

. 16 

1. 67 

23. 5 

22. 47 

.715 

. 19 

759 

558 

32.0 

30. 6 

.00 

1. 61 

18.7 

18.76 

.872 

. 10 ! 

769 

527 

27. 4 

22.7 

. 11 

1.53 

31. 2 

20. 38 

.987 

.28 

609 

563 

34. 1 

17.0 

. 32 

1. 42 

42. 5 

21. 23 

1 

. 50 

577 

580 

41.0 

13.4 

.58 

1.31 

51. 2 

20. 57 

.913 

.75 

557 

589 

47. 1 

10.9 

.96 

1. 23 

i 

73.7 ' 

20.91 

.965 

1.39 

487 

597 

56. 1 
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II HIM I HI 


TABLE n. - Concluded. EXPERIMENTAL 


Run 

Heating loop 

Cooling loop 

Vapor 


Boiler 

Boiler 

Boiler 

Flow 

Condenser 

Condenser 

Coolant 

Flow 

Boiler 

Boiler 

Condenser 

Condenser 

Flow 

Boiler 


inlet 

outlet 

temper- 

rate. 

inlet tem- 

outlet tem- 

temper- 

rate. 

inlet 

outlet 

inlet tem- 

outlet tem- 

rate, 

inlet 


temper- 

temper- 

ature 

W H . 

perature. 

perature, 

ature 

W c , 

temper- 

temper- 

perature. 

perature, 

W v- 

pressure, 


ature, 

T H1B’ 

°F 

ature, 

T H2B’ 

°F 

drop, 

AT HB 

lb/hr 

T C1C’ 

°F 

T C2C’ 

°F 

rise, 

AT cc- 

°F 

lb/hr 

ature, 

T V1B’ 

°F 

ature, 

T V2B’ 

°F 

T V1C’ 

°F 

T V2C’ 

°F 

lb/hr 

P V1B> 

psia 

266 

301 

266 

37. 6 

8059 

93 

142 

51.5 

6074 

104 

235 

234 

99 

278 

23. 3 

267 



266 

36.6 

8107 

92 

140 

51.8 

6176 

104 

233 

234 

98 

278 

23.3 

268 



269 

33.4 

8046 

92 

136 

47. 2 

6175 

103 

236 

236 

96 

252 

22. 9 

270 



276 

26.3 

8020 

92 

128 

37.3 

6074 

102 

236 

235 

94 

204 

23.9 

271 



280 

22.0 

8003 

92 

122 

32.2 

6075 

102 

237 

236 

93 

174 

23.8 

272 



282 

19. 5 

8041 

91 

119 

29.9 

6076 

102 

237 

236 

92 

156 

23.4 

273 



286 

16.4 

8001 

90 

113 

24.2 

6028 

104 

235 

235 

91 

129 

23. 2 

274 

300 

263 

39. 2 

8163 

90 

142 

54.2 

6077 

104 

236 

235 

98 

303 

23. 1 

275 

301 

262 

41.4 

8145 

92 

147 

58.4 

6075 

108 

235 

235 

104 

330 

23. 0 

276 

301 

258 

45.0 

8112 

92 

152 

62.8 

6075 

113 

236 

234 

108 

392 

22.9 

277 

302 

254 

49. 3 

8104 

92 

158 

69.7 

6075 

122 

234 

230 

120 

472 

22. 2 

278 

300 

247 

54. 2 

8081 

92 

163 

75.0 

6075 

144 

230 

227 

144 

664 

21. 3 

280 

300 

247 

55. 1 

8179 

91 

163 

76.4 

6176 

147 

231 

227 

146 

656 

21. 5 

282 

300 

260 

41.4 

8102 

92 

147 

57.7 

6075 

110 

235 

234 

104 

352 

22. 8 

283 

300 

260 

41. 5 

8128 

92 

147 

58.2 

6075 

110 

235 

234 

105 

357 

23.0 

285 

300 

264 

37.0 

8065 

92 

143 

53.7 

6026 

104 

216 

216 

100 

284 

16. 2 

286 



264 

37.0 

8114 

92 

143 

53.7 

6025 

105 

217 

216 

100 

280 

16. 5 

287 



267 

33.8 

8052 

91 

136 

48.9 

6027 

102 

215 

212 

96 

252 

15.4 

288 



270 

29.9 

8040 

92 

134 

44.0 

6025 

102 

254 

254 

96 

229 

15. 1 

289 



274 

26.8 

8024 

93 

130 

38.7 

6074 

103 

262 

262 

96 

204 

14. 5 

290 



278 

22.9 

8007 

92 

124 

34.0 

6025 

103 

256 

259 

94 

174 

12. 6 

291 



281 

20.0 

8020 

92 

121 

29.4 

6024 

104 

262 

253 

93 

154 

11. 1 

292 



285 

16.0 

8028 

92 

115 

25.0 

6026 

106 

255 

249 

92 

129 

8. 8 

293 



262 

39.7 

8124 

93 

148 

56.9 

6074 

109 

221 

219 

104 

303 

17. 5 

294 


; 

258 

43.9 

8089 

93 

152 

61.5 

6074 

112 

224 

222 

108 

330 

18.7 

295 

301 

254 

48.0 

8103 

92 

157 

68.3 

6025 

122 

225 

224 

119 

385 

19.4 

296 

301 

250 

52.0 

8142 

91 

162 

74. 1 

6026 

136 

224 

224 

134 

451 

19.7 

| 297 

300 

246 

54.8 

8179 

93 

166 

77.3 

6074 

179 

230 

227 

180 

651 

21. 3 

I 298 

300 

257 

44. 1 

8140 

92 

152 

64.2 

6075 

115 

225 

221 

110 

356 

19. 1 


a At room temperature. 
^Fixed inventory 1. 
c Fixed inventory 2. 
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AND CALCULATED DATA 


pressure, 

P tt- 1 ni 


Condenser 

Inventory^ 

pressure 

gal 

loss, 

(total 

AP 

c, meas’ 

vapor loop 

psia 

volume, 
5. 62 gal) 

0.48 

1. 56 

.58 

1. 55 

.42 

(b) 


Heat load, 

Vapor 

Overall 

Overall heat- 

Overall heat- 

Condensing 


quality. 

condenser 

transfer 

transfer 

length, 

Btu/hr 

x o 

pressure 

coefficient. 

coefficient. 

L c, calc’ 



drop, 

u. 

l, c, meas’ 

U i, c, calc’ 

in. 



^^calc’ 

Btu/(hr)(sq ft)(°F) 

Btu/(hr)(sq ft)(°F) 




psi 




30. 09X10 4 

0. 995 

0. 80 

531 

580 

41.8 

30. 20 

1 

.75 

565 

582 

41. 1 

27.41 

.995 

.57 

546 

568 

37.4 

21. 40 

.959 

— 

548 

524 

29. 5 

18.29 

.957 

. 15 

549 

497 

25. 5 

16. 23 

.949 

.10 

556 

479 

23.2 

13. 97 

.999 

.06 

679 

454 

20.9 

31. 98 

.965 

.97 

516 

583 

43.4 

33. 83 

.939 

1. 10 

577 

596 

46.9 

36. 93 

.858 

1. 67 

534 

610 

51.7 

40. 62 

.784 

3. 19 

561 

627 

59.2 

44. 15 

.604 

6. 00 

579 

641 

68.3 

45. 33 ! 

.633 

6. 52 

568 

649 

69.0 

33. 82 

.873 

1. 17 

560 

595 

46.7 

33. 98 

.865 

1. 21 

541 

595 

46.9 

30. 79 

1 

1. 43 

565 

595 

51.8 

30. 70 

1 

1. 40 

561 

593 

51.8 

27. 78 

1 

1. 17 

519 

578 

47.8 

24. 98 

.971 

.86 

499 

564 

41.7 

22. 15 

.955 

.65 

482 

549 

37. 1 

18. 89 

.953 

.50 

462 

528 

34.2 

17. 15 

.975 

.44 

460 

520 

33.3 

13. 79 

.931 

.30 

455 

496 

30.4 

32.91 

1 

1. 76 

539 

606 

54.0 

35. 82 

1 

2. 03 

546 

616 

57.6 

39. 62 

.962 

2.96 

557 

629 

64.8 

43. 03 

.900 

4. 23 

554 

640 

71.0 

45. 30 

.672 

8. 15 

556 

654 

77.0 

36. 93 

.963 

2. 48 

501 

619 

58. 5 


TABLE IIL - CONDENSER AXIAL 


Run 








Tube A 





I 














Thermo- 


T 

A-l 

T A-2 

T A-3 

T A-4 

T A-5 

T A-6 

T A-7 

T 

j 

A- 8 

T A-9 

T A-10 

t a-u 

T A- 12 

T A- 13 

T A- 14 


L-15 














Location, 

in. 


2.0 

9.7 

17.4 

25. 1 

32.9 

40. 5 

48. 2 

56.0 

63.7 

71.4 

j 79. 1 

86.8 

93.9 

102.2 

j 110. 0 j 















Vapor 

192 

(a) 

225 

226 

225 

225 

222 

220 

(a) 

219 

217 

215 

216 

214 

176 

<•» i 

193 



240 

240 

239 

240 

238 

208 



177 

164 

161 

154 

150 

146 



194 



238 

230 

214 

204 

195 

182 



166 

164 

157 

149 

149 

145 



195 



231 

232 

229 

229 

230 

228 



207 

188 

171 

154 

148 

143 



196 



217 

218 

219 

216 

216 

213 



210 

210 

210 

208 

208 

208 



197 



235 

230 

230 

231 

225 

216 



204 

197 

186 

177 

173 

168 



198 



240 

238 

229 

223 

217 

205 



192 

189 

182 

172 

170 

166 



199 



231 

227 

227 

224 

221 

220 



217 

217 

202 

190 

182 

167 



200 



224 

227 

225 

223 

221 

220 



216 

217 

211 

197 

185 

167 



201 



211 

211 

211 

210 

209 

208 



205 

205 

205 

204 

204 

168 



202 



222 

222 

222 

220 

224 

224 



220 

220 

197 

170 

150 

140 



203 



239 

238 

236 

237 

237 

234 



200 

176 

154 

146 

142 

135 



204 



247 

248 

246 

221 

208 

185 



165 

158 

148 

145 

140 

139 



207 



230 

232 

228 

229 

230 

166 



135 

134 

130 

124 

124 

124 



208 



211 

217 

212 

209 

210 

210 



208 

164 

142 

131 

129 

127 



209 



202 

202 

202 

201 

199 

198 



194 

196 

195 

191 

152 

141 



210 



239 

239 

239 

237 

176 

150 



134 

132 

127 

124 

124 

124 



211 



242 

244 

237 

196 

162 

141 



130 

127 

126 

122 

122 

122 



212 



244 

246 

197 

174 

162 

147 



139 

139 

136 

132 

131 

130 



213 



239 

239 

238 

237 

237 

194 



169 

157 

156 

145 

141 

139 



214 



218 

217 

217 

217 

217 

217 



215 

214 

208 

163 

151 

140 



233 



233 

236 

234 

234 

230 

211 



188 

174 

165 

157 

149 

146 



234 



229 

230 

230 

226 

228 

225 



220 

196 

178 

156 

153 

147 



235 



225 

225 

224 

222 

222 

220 



217 

215 

212 

211 

190 

164 



236 



221 

222 

220 

219 

220 

218 



210 

213 

211 

210 

210 

210 



237 



224 

224 

219 

221 

219 

213 



212 

212 

210 

211 

211 

201 



238 



211 

211 

210 

211 

210 

211 



209 

209 

188 

151 

142 

135 



239 



224 

220 

224 

224 

222 

224 



188 

160 

143 

136 

134 

130 



240 



234 

234 

234 

234 

234 

199 



152 

142 

136 

128 

128 

127 



241 



240 

244 

240 

213 

186 

162 



143 

141 

139 

133 

133 

132 



242 



240 

224 

202 

194 

181 

168 



155 

151 

146 

141 

140 

138 



243 

i 

f 

245 

196 

163 

162 

156 

143 

1 

r 

132 

132 

130 

125 

125 

125 

1 

r 


thermocouple failed. 


















AXIAL VAPOR TEMPERATURES 









Tube B 




coupl< 

a 










t b-i 

T B-2 

T B-3 

T B-4 

T B-5 

T B-6 

T 

B-7 

T B-8 

T B-9 

T B-10 

T B-11 

T B-12 

t e 

1-13 

T B- 14 

t b 

-15 

from 

tube in] 

Let 









| 2.0 

9.7 

17.4 

25. 1 

| 32. 8 

40. 5 

48. 2 

55.9 

63. 7 

71.4 

79. 2 

86. 8 

93.9 

102. 3 

110.0 

tempe 

rature 

°F 









236 

236 

234 

237 

235 

165 

147 

(a) 

134 

130 

(a) 

125 

(a) 

122 

(a) 

218 

217 

215 

218 

215 

217 

170 



138 

130 



125 



122 



226 

207 

207 

206 

206 

206 

206 



154 

140 



132 



126 



220 

197 

197 

197 

197 

200 

195 



194 

195 



138 



130 



234 

234 

234 

234 

234 

234 

229 



137 

124 



110 



103 



232 

232 

232 

230 

230 

230 

194 



135 

126 



107 



99 



234 

234 

234 

232 

233 

233 

168 



123 

115 



103 



98 



236 

236 

236 

236 

236 

153 

122 



115 

101 



96 



95 



240 

240 

239 

239 

168 

130 

111 



98 

96 



93 



93 



238 

238 

238 

236 

151 

122 

106 



96 

95 



92 



92 



236 

234 

236 

193 

130 

112 

100 



92 

92 



90 



90 



234 

234 

234 

234 

234 

234 

234 



154 

134 



112 



102 



232 

232 

230 

233 

232 

232 

232 



171 

148 



119 



107 



231 

231 

232 

230 

230 

230 

230 



230 

182 



134 



114 



229 

229 

227 

223 

221 

223 

223 



221 

220 



173 



137 



222 

221 

221 

218 

214 

213 

212 



208 

208 



206 



180 



224 

221 

221 

214 

212 

213 

213 



208 

206 



205 



205 



232 

231 

228 

231 

231 

233 

232 



186 

153 



120 



108 



233 

233 

233 

233 

234 

234 

234 



190 

164 



121 



106 



215 

215 

215 

215 

214 

212 

212 



166 

142 



116 



105 



216 

215 

217 

217 

216 

213 

213 



165 

144 



116 



104 



213 

211 

211 

208 

209 

211 

209 



144 

127 



106 



99 



211 

211 

211 

213 

213 

211 

202 



128 

113 



103 



98 



211 

208 

208 

208 

208 

208 

158 



115 

107 



98 



96 



203 

215 

203 

203 

186 

186 

127 



104 

100 



94 



93 



198 

198 

197 

198 

158 

158 

118 



100 

97 



93 



93 



191 

190 

190 

190 

125 

125 

105 



94 

94 



91 



91 



219 

217 

219 

219 

217 

217 

218 



189 

168 



122 



108 



220 

220 

220 

220 

219 

219 

218 



218 

186 



136 



116 



221 

221 

221 

221 

217 

220 

217 



214 

214 



169 



131 



222 

218 

219 

215 

215 

212 

213 



212 

212 



210 



157 



223 

220 

220 

215 

213 

210 

210 



202 

202 



200 



199 



222 

221 

220 

219 

216 

215 

215 


f 

218 

218 

1 

f 

145 

1 

f 

119 

1 

f 
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TABLE IV. - CONDENSER AXIAL WALL TEMPERATURES 


Ran 


Tube A 


Thermocouple 


W A-1 

W A-2 

W A-3 

W A-4 

W A-5 

W A-6 

W A-7 

W A-8 

W A-9 

W A-10 

W A-11 

W A-!2 

W A-13 

W A-14 

W A-15 






Location, in. from tube inlet 






5.8 

13.6 

21.3 

29.0 

36.7 

44.4 

52. 1 

59.8 

67. 6 

75. 3 

83.0 

90.7 

98.4 

106. 1 

111 


Wall temperature, °F 


192 

(a) 

216 

210 

206 

209 

205 

205 

196 

192 

195 

186 

(a) 

128 

124 

194 



195 

170 

162 

164 

156 

154 

145 

138 

140 

136 



125 

122 

201 



201 

198 

196 

196 

194 

194 

182 

181 

181 

170 



123 

121 

212 



188 

142 

136 

136 

132 

130 

128 

128 

128 

127 



123 

123 

233 



218 

201 

201 

198 

188 

157 

143 

140 

140 

136 



124 

123 

240 



212 

200 

198 

195 

180 

138 

128 

126 

124 

123 



120 

120 

271 



176 

106 

100 

96 

94 

93 

92 

92 

92 

91 



89 

89 

274 



210 

191 

190 

184 

159 

108 

99 

96 

94 

92 



88 

88 

280 



204 

194 

194 

194 

188 

186 

172 

166 

156 

138 



112 

98 

287 



194 

180 

180 

182 

162 

138 

100 

96 

94 

92 



90 

90 

292 



166 

134 

131 

97 

93 

92 

92 

91 

90 

90 



89 

89 

297 



206 

194 

195 

195 

190 

187 

174 

172 

176 

167 


f 

116 

104 


(a) 


Run 







Tube B 













Thermocouple 






W B-1 

W 

B-2 

W B-3 

W B-4 

W B-5 

W B-6 

W B-7 

W B-8 

W B-9 

W B-10 

W B-11 

W B-12 

W B- 13 

W B-14 

W B-15 







Location, in. 

from tube inlet 






5.8 

13. 5 

21.2 

29.0 

36.7 

44.4 

52. 1 

59. 8 

67. 6 

75. 3 

83.0 

90.7 

98.4 

| 106. 2 

U1 







Wall temperature 

°F 





192 

220 

(a) 

207 

214 

214 

209 

208 

172 

198 

172 

187 

191 

(a) 

140 

128 

194 

229 



200 

219 

224 

164 

144 

128 

128 

124 

122 

122 



120 

120 

201 

206 



194 

200 

200 

195 

194 

168 

187 

167 

178 

182 



128 

122 

212 

224 



196 

213 

158 

142 

134 

128 

128 

127 

125 

125 



124 

124 

233 

221 



208 

214 

216 

210 

207 

174 

199 

138 

137 

133 



125 

122 

240 

219 



199 

205 

207 

204 

152 

135 

133 

126 

124 

124 



121 

121 

271 

214 



180 

144 

116 

102 

96 

93 

93 

92 

90 

90 



90 

90 

274 

214 



190 

205 

205 

198 

173 

113 

108 

97 

96 

95 



90 

90 

280 

210 



197 

204 

204 

199 

198 

176 

187 

159 

170 

174 



140 

103 

287 

199 



177 

189 

188 

181 

185 

105 

105 

96 

93 

93 



90 

90 

292 

175 



157 

172 

116 

99 

94 

92 

92 

92 

90 

90 



89 

89 

297 

212 



196 

202 

202 

196 

194 

161 

184 

158 

172 

172 

1 


158 

126 


Thermocouple failed. 
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TABLE V. - CONDENSER AXIAL COOLANT TEMPERATURES 


Run 


Tube A 


Tube B 














Therm 

— 

Locouple 


S A 

-1 

S A-2 

S A-3 

S A-4 

S A-5 

S A-6 

S A-7 

S A-8 

S A-9 

S A-10 

S B-1 

S B-2 

S B-3 

S B-4 

S B-5 

S B-6 

S B-7 

S B-8 

S B-9 

S B-10 











Location, in. 

from tube inlet 









2.0 

14.0 

26.0 

38.0 

50.0 

62.0 

74.0 

86.0 

98.0 

110.0 

2.0 

14.0 

26.0 

38.0 

50.0 

62.0 

74.0 

86.0 

98.0 

110.0 












Coolant temperature, 

°F 








192 

(a) 

177 

169 

159 

155 

140 

(a) 

127 

124 

123 

188 

183 

175 

172 

162 

151 

148 

136 

132 

122 

194 



147 

133 

126 

125 

122 



121 

119 

120 

166 

155 

141 

133 

124 

122 

122 

122 

122 

120 

201 



167 

160 

151 

145 

135 



122 

119 

119 

172 

164 

160 

159 

150 

139 

136 

128 

122 

118 

212 



146 

129 

126 

126 

126 



125 

123 

124 

167 

152 

140 

130 

126 

126 

126 

126 

126 

124 

233 



164 

145 

139 

133 

124 



122 

120 

120 

183 

174 

161 

157 

146 

134 

126 

124 

123 

120 

240 



162 

138 

133 

128 

123 



121 

120 

121 

177 

162 

150 

142 

132 

124 

123 

122 

122 

119 

271 



110 

93 

92 

92 

92 



92 

90 

90 

130 

112 

100 

93 

92 

92 

91 

91 

91 

88 

274 



132 

110 

100 

96 

91 



90 

88 

89 

148 

129 

118 

111 

104 

93 

92 

91 

90 

88 

280 



156 

138 

132 

128 

108 



94 

93 

91 

167 

156 

148 

144 

135 

119 

114 

106 

100 

89 

287 



128 

109 

105 

98 

92 



91 

89 

89 

140 

129 

114 

109 

104 

94 

93 

92 

92 

89 

292 



107 

94 

92 

92 

91 



91 

90 

90 

119 

111 

99 

93 

91 

91 

91 

91 

91 

88 

297 

1 

f 

162 

144 

139 

134 

118 


f 

102 

100 

96 

170 

159 

150 

147 

139 

125 

120 

111 

104 

92 


thermocouple failed. 



Condensing length, l^, in. 




(b) inventory 2 (1.40 gal). Runs 285 to 298. 


Figure 11. - Comparison of measured con- 
densing lengths of tubes A and B with 
average values for fixed inventory exper- 
iments. 


the predicted coefficient has a slope with respect to 
the flow rate. There are two reasons for the slope 
of the calculated curve: 

(1) The shell-side coefficient h Q calc (eq. (13)) is 
affected by the temperature level of the coolant. As 
the vapor flow decreases, the average temperature of 
the coolant decreases, and h Q calc decreases, which 
causes Uj c calc to decrease. 

(2) Although h Q calc is the controlling factor, 

U. „ . is also affected slightly by the condensing 

lj C. CcLIC 

coefficient h. „ „ . , which also decreases with 
decreasing vapor flow. 

The experimental data in figure 10(a) did not appear 
to show this trend as well as the data in figure 10(b); 
however, most of the experimental data are within the 
lines representing deviations of ±20 percent from the 
calculated values. Therefore, although the compari- 
sons are not quite the same in figures 10(a) and (b), 
experimental data of inventories 1 and 2 show reason- 
able agreement with the predicted values. Neverthe- 
less, an examination of the experimental data was 
made in an attempt to determine if there was any ap- 
parent reason for the slight difference in the compari- 
sons for the two fixed inventories. 

The value of XL „ depends upon the ex- 

perimental values of the heat load Q c , the log- mean 
temperature difference AT^ M c meas > and the con- 
densing length L c meas (heat- transfer area); how- 
ever, it would appear that the largest percent experi- 
mental error would be in the value of L_ 

c, meas 

Therefore, the measured condensing lengths of both 
instrumented tubes (tubes A and B) were plotted 
against vapor loop vapor flow rate x Q W v for the two 
fixed inventories (inventories 1 and 2), as shown in 
figures 11(a) and (b). As stated previously, L lvlQOO 
is the average value of tubes A and B, and a curve 
faired through the average values is shown in the fig- 
ure. The differences in condensing lengths of tubes A 
and B are larger for inventory 1 (fig. 11(a)) than for 
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Figure 12. - Comparison of calculated and measured overall condenser 
heat -transfer coefficients for all runs (see table I). 


inventory 2 (fig. 11(b)), and the 
average condensing lengths for in- 
ventory 1 at the lower flow rates 
are shorter than those for inven- 
tory 2. 

The experimental percent error 
in the measured value of condensing 
length would increase as the condens- 
ing lengths decrease. (Since the 
axial thermocouples in the vapor are 
about 8 inches apart, the experimen- 
tal accuracy is about ±4 inches. ) 
Therefore, the condensing length data 
for inventory 1 would be subject to a 

higher percent error than the data for inventory 2, at the lower vapor flow rates. Also of 
significance, however, is the fact that only 2 of the 19 tubes were instrumented; therefore, 
if the differences in condensing length of the two tubes (tubes A and B) become large, as 
in figure 11(a) for inventory 1, the average values for the condensing length may become 
less representative of all 19 tubes. Thus, the different characteristics of the experimen- 
tal condensing lengths L„ for the two fixed inventories may be one reason for the 

slight difference in the comparisons of the measured and calculated overall heat-transfer 
coefficients U icmeas and U. >c>calc of figure 10. 

The comparison of U 4 „ _ o1 „ with XL _ for all runs is presented in figure 

12. All values of U. „ „ ooc , were determined by using the average condensing length 

1} Cj meets 

L . Lines representing deviations of ±10 and ±20 percent from the measured values 

c y meets 

are also shown in figure 12. It can be seen that almost all the calculated values are within 
±20 percent of the measured overall heat-transfer coefficient, and that the majority of the 
calculated values are from 0 to 20 percent higher than the measured value. 


Condensing Length 


The predicted values of condensing length L c calc were calculated from equation 
(16), as stated in the section ANALYTICAL METHODS, for a vapor saturation tempera- 
ture that was constant over the condensing length of the tube (T g ^ T ^ ~ T SAT 1^' T ^ e 

measured values L _ were the average condensing lengths of the two instrumented 

C) me as 

tubes (tubes A and B) as explained in the preceding paragraphs. The comparison of 


L„ with L„ „ 

c,calc c,meas 

of vapor flow rates is presented in figures 13(a) and (b). 


for the two fixed inventories (inventories 1 and 2) over the range 

The predicted values for inven- 
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Average condensing length, 




(b) Inventory 2 (1.40 gal). Runs 285 to 298. 


Figure 13. - Comparison of calculated and 
measured condensing length for fixed 
inventory experiments. 



(b) Calculated condensing length based on measured saturation 
temperature at outlet. 


Figure 14. - Comparison of measured and calculated condensing 
lengths for all runs (see table I). 
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tory 1 (fig. 13(a)) are within 43 to -20 percent of the values on the curve drawn through 
the measured data, and the predicted values for inventory 2 (fig. 13(b)) are from 8 to 
24 percent lower than the values on the curve faired through the measured data. 

Again, as in the comparison of the overall heat-transfer coefficients, the comparison 

of the condensing lengths for inventory 1 is not quite the same as for inventory 2. This 

would be expected, however, because of the close relation between the condensing lengths 

and these overall .coefficients. As noted in the discussion on U. „ the character- 

Cj meds 

istics of the measured condensing lengths for the fixed inventory 1 experiments were 
slightly different from those for the fixed inventory 2 experiments. 

The comparison of L c ca j c with L c meas for all runs is presented in figure 14. 

All values of L were the average of tubes A and B. In figure 14(a), the condens- 

c y nieas 

ing length was calculated, as stated in the ANALYTICAL METHODS section, for a con- 
stant saturation temperature (Tg^^, 2 = "^SAT 1^' Calculations of condensing length were 
also made for the actual measured vapor temperature at the interface Tg^j, 2 in order 
to demonstrate the effect of the vapor temperature drop. As the vapor temperature drop 
became larger, the temperature difference between the vapor and the coolant became 
smaller, which caused an increase in the calculated value of the condensing length. At 
the short condensing lengths, the temperature drops were small, and the differences be- 
tween the two calculated values of condensing length were negligible. At the longer con- 
densing lengths, however, the temperature drops were larger, due to larger pressure 
drops, and the differences between the two values of calculated condensing length became 
noticeable. A plot of the comparison of measured and calculated condensing length based 
on measured Tg^p 2 * s shown in figure 14(b). A somewhat better comparison to the 
experimental data is obtained at the larger lengths by including the effects of vapor tem- 
perature drop. 

Lines representing deviations of ±20 percent from the measured values are also shown 
on figure 14. It can be seen that almost all the calculated values are within ±20 percent of 
the measured data and that, in general, the calculated condensing lengths tend to be less 
than the measured values. 


Overall Pressure Drop 

The predicted overall pressure drop AP c calc was calculated by using equations 
(20) to (27). The two-phase friction drop (AP^pp) was calculated from equations (24) or 
(26), depending upon the flow regime as determined by the Reynolds number of the liquid 
phase. The vapor phase was always considered to be turbulent (see table I, p. 7). The 
superficial Reynolds number (ref. 6) of the liquid was calculated at the tube inlet and out- 
let, and the average value was used to determine the flow regime. The two-phase friction 
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300 


400 


500 100 200 

Vapor loop vapor flow rate, x Q W v , Ib/hr 

(a) Inventory 1 (1. 55 gal). Runs 266 to 283. (b) Inventory 2 (1.40 gal). Runs 285 to 298. 

Figure 15. - Comparison of calculated pressure drop, based on measured condensing length, 
with measured value for fixed inventory experiments. 


500 


drop APrppp was calculated by using both the measured and the calculated values of con- 
densing length L and L . . The measured data L mQOC , was used in order 

IUcaS Cj CdlC Lj IIlfcicLo 

to obtain a better evaluation of the approximation equations (eqs. (24) and (26)), and the 
predicted values L c calc were used in order to present an all-calculated pressure drop 
for comparison. Obviously, the accuracy of the predicted pressure drop AP C ca j c would 
be affected by the accuracy of the value used for the condensing length. The comparisons 
of the measured and calculated pressure drops AP C meas and AP c calc are presented 
first for the AP C calc , computed with L c meas (figs. 15 and 16), and then for the 
AP c,calc’ computed with L c>calc (fig. 17 j. 

The comparison of AP C , calc (based on meas ) with AP^ meag for the two fixed 
inventories (inventories 1 and 2) is shown in figures 15(a) and (b). Although the percent- 
age differences are very high (100 percent) at the lower pressure drops, most of the cal- 
culated values are within 0. 5 pounds per square inch differential of the measured data. 
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Measured condenser pressure drop, AP ( 


Percent of 
measured 


Z £ 


u 

7 


S' 

2 = 

measured 

^zLi 

values 



wm 









Calculated condenser pressure drop, AP C ca j c , psi 
(a) All runs In table I. (b) Facility runs 99 to 298. 

Figure 16. - Comparison of calculated pressure drop, based on the measured condensing length, with the measured values for both fixed and variable inventory experiments. 




It should be noted that the predicted values tend to be conservative (i. e. , higher than the 
measured values). Again, the comparison of the inventory 1 data is not the same as for 
the inventory 2 data. As mentioned previously, in the discussion of Uj c meas J the char- 
acteristics of the measured condensing lengths for the fixed inventory 1 experiments were 
slightly different from those of the fixed inventory 2 experiments. 

The comparison of AP C> calc (based on L meas ) with AP Cj meag for all runs is 
presented in figures 16(a) and (b). The data in figure 16(a) are only from the condenser 
runs listed in table I (p. 7), while the data in figure 16(b) are from the condenser runs in 
table I plus some additional facility runs that are not tabulated. It can be seen that the 
predicted values of AP C calc are high (conservative) at the lower pressure drops (up to 
about 3 psid) and tend to be low at the higher pressure drops. Lines representing devia- 
tions of ±20 and 50 percent from the measured value are shown in figure 16. Therefore, 

2 2 

the fact that the Lockhart- Martinelli correlation of cp^ with X showed a data scatter of 
about ±45 percent in reference 6 indicates that the use of the approximating equations to 
calculate AP™,, results in reasonable values for predicted overall condenser pressure 
drops greater than about 2 pounds per square inch differential for this condenser. There 
is considerable scatter at the low pressure drops, which is to be expected since instru- 
mentation error becomes more significant at the lower pressure drops, both in the meas- 



Figure 17. - Comparison of measured condenser pressure drop with predicted pressure 
drop based on calculated condensing length. All runs in table I. 
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I 


urement of the pressure drop itself and in the determination of the condensing length. 

Also, the actual flow distribution (among the 19 tubes) is unknown; therefore, particularly 
at small flows, it is possible that some of the tubes had more vapor flow than others. 

The flow distribution could not be detected since only two tubes were instrumented. 

The comparison of AP c calc (based on L c calc ) with AP^ meag for all tabulated 
runs is presented in figure 17. Again, the calculated values are high at the low pressure 
drops and low at the high pressure drops, when compared with the measured data. 

The pressure drop values predicted by using calc , however, tend to be lower 
than the respective values calculated by using L (fig. 16(a)). This would be ex- 

Iilcdb 

pected, since L c calc tended to be less than L c meas - 

CONCLUDING REMARKS 

The equations used to calculate the overall heat-transfer coefficient Uj c ca j c pre- 
dicted values that were mostly within ±20 percent of the measured values, with the major- 
ity of the calculated values being from 0 to 20 percent higher than the measured values. 
Measured condenser inlet conditions were used in the calculations. 

The predicted values of condensing length were almost all within ±20 percent of the 
experimental data, with the calculated values tending to be less than the measured values. 

The predicted values of overall pressure drop, calculated using both the calculated 
and measured values of condensing lengths, were mostly within 50 to -20 percent of the 
experimental data, with the largest percent deviations at the small pressure drops. The 
calculated values of the overall condenser pressure drop tended to be conservative (i. e. , 
higher than the actual measured values) although the values predicted with L c ca j c were, 
in general, smaller than the corresponding values calculated with L c meas * 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, July 5, 1966, 

120-27-04-02-22. 
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APPENDIX A 


SYMBOLS 


heat-transfer area, based on tube 
inside diameter, sq ft 

total flow area, based on the tube 
inside diameter, sq ft 

coolant flow area, sq ft 

specific heat, Btu/lb 

equivalent diameter of condenser 
shell, ft 

tube inside diameter, ft 



enthalpy of vaporization, Btu/lb 


hj film coefficient of heat transfer 

on inside of tube, 

Btu/(hr)(sq ft)(°F) 

h Q film coefficient of heat transfer 

on outside of tubes, 

Btu/(hr)(sq ft)(°F) 

Kp quality dependent factor in 

turbulent-turbulent two-phase 
friction pressure drop equation 


tube outside diameter, ft 

condenser inner shell inside di- 
ameter, ft 

friction factor 


Ky quality dependent factor in 

viscous-turbulent two-phase 
friction pressure drop equation 

k thermal conductivity, 

Btu/(hr)(sq ft)(°F)/ft 


w c 

coolant mass velocity, — -, 

A g 

lb/(hr)(sq ft) 

vapor mass velocity at tube out- 
xW 

let, X, lb/(hr)(sq ft) 

A, 


L length, ft 

N number of tubes 

Nq p Grashof number 

Np r Prandtl number 

N Re Reynolds number 


mean vapor mass velocity, 

0. 58 G q lb/(hr)(sq ft) 

vapor mass velocity at tube inlet, 
x W 

■ °- V , lb/(hr)(sq ft) 

A i 

O 

conversion factor, 4. 18x10 
(lb mass/lb force) (ft /hr)/hr 


P pressure, lb/sq ft 

Pc2c pressure of coolant at condenser 
outlet, psia 

Prib pressure of heating fluid at boiler 
inlet, psia 

PyiB pressure of vapor loop fluid at 
boiler inlet, psia 



PyiC pressure of vapor loop fluid 
at condenser inlet, psia 


Tr 2 b temperature of heating loop 
fluid at boiler outlet, °F 


P w 

wetted perimeter, ft 

T SAT, 1 

AP 

pressure drop, lb/sq ft 


ap e 

pressure change at tube inlet, 
lb/sq ft 

T SAT, 2 

AP H 

pressure loss from inlet piping 
to inlet vapor plenum, 
lb/sq ft 

T V1B 

ap m 

pressure change due to momen- 
tum recovery, lb/sq ft 

T V2B 

A p TpF 

two-phase friction pressure 
loss, lb/sq ft 

T V1C 

Q 

heat load, Btu/hr 

T V2C 

S 

axial coolant temperature, °F 

AT cc 

S i 

heat- transfer area per unit 
length, based on tube inside 



diameter, sq ft/ft 

at hb 

S m 

heat- transfer area per unit 
length, based on mean tube 
diameter, sq ft, /ft 


S o 

heat- transfer area per unit 
length, based on tube out- 

at lm 


side diameter, sq ft/ft 

t 

T 

axial vapor temperature, °F 

U i 

T CI 

coolant temperature at end of 
condensing length, °F 

1 

T C1C 

coolant temperature at con- 

V 


denser inlet, °F 

w 

T C2C 

coolant temperature at con- 

w. 

denser outlet, °F 

W A 

t hib 

temperature of heating loop 

W B 


fluid at boiler inlet, °F 


vapor saturation temperature 
at tube inlet, °F 

vapor saturation temperature 
at end of condensing length, 
°F 

temperature of vapor loop fluid 
at boiler inlet, °F 

temperature of vapor loop fluid 
at boiler outlet, °F 

temperature of vapor loop fluid 
at condenser inlet, °F 

temperature of vapor loop fluid 
at condenser outlet, °F 

directly measured temperature 
change of coolant from inlet 
to outlet of condenser, °F 

directly measured temperature 
change of heating loop fluid 
from inlet to outlet of boiler, 
°F 

log- mean temperature differ- 
ence 

tube wall thickness, ft 

overall heat-transfer coeffi- 
cient, based on tube inside 
area, Btu/(hr)(sq ft)(°F) 

velocity, ft/hr 

flow, lb/hr 

axial wall temperature of 
tube A, °F 

axial wall temperature of 
tube B, °F 
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W c 

coolant flow, lb/hr 

Subscripts: 

X 

Lockhart-Martinelli parameter, 

A 

condenser tube A (at the top) 


/(ap/l) £ 

B 

condenser tube B (at the bottom) 


y <AP/L) g 

W 

b 

evaluated at bulk temperature of 
liquid 

X 

vapor quality, — 2 
W v 

c 

condensing, condensing portion 
of heat exchanger 

x o 

vapor quality at condenser inlet 

calc 

calculated value 

Y/L 

fraction of condensing length 

g 

gas or vapor 

“t 

quality dependent factor in tur- 

H 

heating loop 


bulent two-phase friction 
pressure drop equation 

£ 

meas 

liquid 

measured value 

a v 

quality dependent factor in 
viscous two-phase friction 

0 

tube inlet 


pressure drop equation 

P 

pipe 

1 3 t 

temperature dependent prop- 

sc 

subcooler, subcooling portion 


erties factor in turbulent 
two-phase friction pressure 

TPF 

two-phase friction 


drop equation 

XT 

turbulent-liquid - turbulent-gas 
regime 


temperature dependent prop- 
erties factor in viscous 

t 

tube 


two-phase friction pressure 

V 

vapor loop 


drop equation 

VT 

viscous-liquid - turbulent-gas 

M 

viscosity, lb/(ft)(hr) 


regime 

P 

density, lb/cu ft 

w 

wall or evaluated at wall tem- 

*g 

Lockhart-Martinelli parameter, 


perature 

a function of X 

1,2,. . . 

sequence 
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APPENDIX B 


CONDENSER DESIGN CONSIDERATIONS 

The requirements and considerations used in the design of the condenser in this test 
facility are presented in the following paragraphs. 


General Requirements 

The requirements established for this condenser were as follows: 

(1) The heat rejection rate would be a nominal 500 000 Btu per hour, which was ap- 
proximately the same as that of the alkali metal facility (see INTRODUCTION). 

(2) The unit should be horizontal and contain small diameter tubes in order to reduce 
the effects of gravity. 

(3) The unit must be less than 10 feet long to permit disassembly. It was decided 
that the condenser should be a multitube, shell -and- tube type with triangular pitch so 
that the unit would be small and simple. 


Operating Range 

An operating range of about 5 to 25 pounds per square inch absolute was chosen. In 
this range, the properties of water were comparable with those of potassium in the oper- 
ating range of the alkali metal facility. A nominal maximum flow rate of 500 pounds per 
hour was established. 


Tube Size and Number of Tubes 

Tubes of nominal 0. 25-inch inside diameter with a 0. 035-inch wall thickness were 
used. In order to efficiently fill a shell of circular cross section, the following number 
of tubes were considered: N = 7, 13, 19, 31, or 55. Therefore, in order to determine 
which number of tubes should be used, various condenser characteristics were calculated 
for several values of N, as discussed in the following paragraphs. 

Vapor velocity . - The maximum velocity of the vapor is plotted against the number 
of tubes in figure 18 for the maximum flow rate of 500 pounds per hour at several values 
of saturation pressure. From this figure, it was decided that the maximum flow rate 
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Figure 18. - Vapor velocity against number of tubes with 
total vapor flow of 500 pounds per hour for several 
values of saturation pressure. 



Figure 19. - Static pressure drop in tubes with condensing length 
of 10 feet for two values of saturation pressure. 


could seldom be achieved with less than 
13 tubes and that the vapor velocities at 
the higher pressures would be too low 
with 31 or more tubes. Therefore, either 
13 or 19 tubes was preferable, provided 
that the pressure drops were reasonable 
and the heat-transfer area was adequate. 

Tube pressure drop . - The next con- 
sideration was the pressure drop in the 
tubes. The two-phase friction drop 
APtpf and the momentum recovery 
iP M were calculated for a condensing 
length of 10 feet by using equations (25) 
and (27) in the text and by assuming a 
100 percent quality of vapor at the tube 
inlet. The static pressure drop 
APtpf ” resu ^ ts are as shown in 

figure 19. It is apparent from the figure 
that (1) a full flow rate of 500 pounds per 
hour cannot be attained with a condensing 
length of 10 feet for a saturation pressure 
of 5 pounds per square inch absolute, 

(2) for any given flow rate and saturation 
pressure, the 19 tube configuration would 
have a smaller pressure drop, and 

(3) for any given flow rate and pressure 
drop, the 19 tube configuration would 
permit operation at a lower saturation 
pressure. 

Heat-transfer area . - Since the max- 
imum condenser length was limited to 
10 feet, it was apparent that 19 tubes 
would provide more surface area than 
13 tubes, and therefore would permit a 
lower minimum heat flux Q /A.. for 

t/ 111 j o 

any given condensing heat load Q . The 

V 

heat-transfer area of either 13 or 

19 tubes would be adequate if the overall 

heat-transfer coefficient IL is large 

1 - c 


40 


enough for the range of log- mean temperature difference AT^ M available from the facil- 
ity. 

Therefore, since the use of 19 tubes would require a smaller 1L , or permit oper- 
ation at a lower AT LM , and would result in reasonable pressure drops and permit max- 
imum flow rate operation at a lower saturation pressure, it was decided that 19 tubes 
would be used. 

Final Considerations 

A tube spacing of 1/8 inch was used to allow the tube entrances to be slightly rounded. 
This dimension determined the shell size. The overall heat-transfer coefficient U. 

J., t 

was then checked by using equation (7) and was found to be large enough that the heat- 
transfer area of 19 tubes was adequate. 
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APPENDIX C 


DERIVATION OF APPROXIMATING EQUATIONS FOR TWO-PHASE FRICTION 
PRESSURE DROP DURING CONDENSATION 


The derivation of the equations used to calculate the two-phase friction pressure drop 
during condensation, based on the Lockhart- Martinelli (ref. 6) correlation for two-phase, 
two-component flow, is presented herein. These equations are derived in a manner sim- 
ilar to that used in reference 7 by substituting an approximating equation for the Lockhart- 
Martinelli correlation of <p^ against X and by integrating the various parameters in- 
volved over the condensing length of the condenser. 

The Lockhart- Martinelli correlation was of the form 



(Cl) 


where 


<P g = f(x) 


and 


p 


X 2 = ^ 



For the viscous-liquid - turbulent-gas regime 
each phase flowing alone 


(C2) 


((N Re ) M < 1000,(N Re ) g _ t 


> 2000 for 


/dP\ 32V l,t M £ 
\ dL /f g D 2 

/dp\ ■ 2 < ^ 

K «c D i 


(C3) 


(C4) 
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where 


0. 046 



The superficial local velocities are defined as 





p g A i 


Combining equations (C2) to (C7), 

X 2 t= ^2_^^^( Nr V0.8 

VT 0.092W gPje p g \ Re /g,t 


(C5) 


(C6) 


(C7) 


(C8) 


In a condenser, the values of Reynolds numbers, flow rates, and velocities change con- 
tinuously over the length of the condenser; therefore, local values must be used. The 
fluid properties are evaluated at the condenser inlet static pressure and are assumed con- 
stant. Assuming C^/A^ c is constant, 



and 
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(C13) 



Combining equations (C8), (Cll), and (C13), and taking the square root. 



(C14) 


The Lockhart- Martinelli viscous-liquid - turbulent-gas regime curve of against X 
was approximated over the range of interest for a condenser (the value of X is very low 
over most of the condensing length) by the relation 


n ftyO. 13 

%T " 2 ' ^ VT 


(Cl 5) 


Combining equations (C4), (C5), (Cll), and (C12) yields 

j-2 


'**) = 0 092p g v g,° /i-if 8 ( N j-°-» 

dL/ g g c D. \ L / V Re /g,o 


(C16) 


Combining equations (Cl), (C14), (C15), and (C16) and integrating yield 


( ap tpf) - " 2 x0 - 13 


TP F /VT = 0. 954 p g V g, o/Pg^ 
0.13 g c D, U« g , 


Ho 


-0. 304 




(C17) 


When the integral is evaluated, the result is a power series of x Q . By selecting values 
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Two-phase pressure drop integral, Kj or K v 
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Figure 20. - Two-phase friction pressure drop integral as 
a function of inlet vapor quality. Dashed portions of 
curves denote extrapolation. 


for x Q , the value of the integral can be plotted 
as a function of x Q , as in figure 20, and is 
defined as Ky. The equation for the viscous- 
turbulent regime two-phase friction condensing 
pressure drop then becomes 


( ap tpf) vt 


_ 0. 954 Pg^g, o 
’ *»• 13 g c D i 



0. 13 


W;!> c 


(CIS) 


Further reduction of this equation is possible, 
however, by grouping the temperature depen- 
dent properties, the quality dependent coeffi- 
cients, and the physical constants. Substitu- 
tion of 


NjtD. 
A. = - 

1 A 


g,o 


x o W v 

P g Ai 


(C19) 


(C20) 


and 


K,o= 


D.G 
l o 




g 


D i x o W v 

M g A i 


(C21) 


into equation (C18) yields 


Zap \ - i 433 x 1 - 566 / M A°' 13 

rHvr L 33x ° y 3: 


0. 174 


W. 


1. 696 


Og \ n1 ' 


. 696 


K y L c 


(C22) 
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. 5 , 



0 .2 .4 .6 .8 1.0 


Vapor quality at inlet, Xq 

Figure 21. - Quality-dependent factor in two-phase 
friction pressure drop equation. Dashed portions 
of curves denote extrapolation. 



Figure 22. - Values of factors and 
for water used in two-phase friction 
pressure drop equation. 


Defining 


a y = 1. 433 KyX** 566 (C23) 


and 


*v= 


13 4 174 


\ P SL, 




(C24) 


gives the following for equation (C22): 

a ^ 696 

I AP TPf) = (C25) 

V TPF/y T 096^4 696 c 

or, for simplicity, 


/ iPTpF ) , 7 

\ TPF /VT n 1. 7 d 4, 7 


Again, equation (C23) can be evaluated and a y 
plotted against x Q by selecting values for x Q , 
as in figure 21. For any given fluid, equation 
(C24) can be evaluated and (3 y plotted against 
temperature, as in figure 22 for water. The 
property data for figure 22 were taken from 
references 4 and 8. 

For the turbulent-liquid - turbulent-gas 
regime, the use of the same procedure, with 
the Lockhart- Martinelli turbulent-liquid - 
turbulent- gas regime curve of (p against X 
approximated over the range of interest by the 
relation . 


('"g) TT = 3 ' 05X TT 9 < C26 > 
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yields the following equation: 


where 


and 


with 


/ Ap \ _ a T^T W v 8 

V TPFiprj. n1 8^4 8 

a T = 1. 328 Krj*l ’ 46 


0.038 .0. 162 


/ 3 t = 




g 


0.19 0.81, 


PfL 


J z 


Sr 


K n 




(C27) 


(C28) 


(C29) 


(C30) 


The coefficient K,p is a function of inlet vapor quality x Q and is shown in figure 20. 
Values of are shown in figure 21 and values of /3^, for water are shown in figure 22. 
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